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Temporally Distinct Requirements for Endothelin
Receptor B in the Generation and Migration
of Gut Neural Crest Stem Cells
depletion (Parikh et al., 1992; Rothman et al., 1993, 1996;
Gershon, 1999; Shin et al., 1999; Wu et al., 1999).
One leading hypothesis is that loss of EDNRB signal-
ing leads to the premature differentiation of neural crest
progenitors, exhausting the progenitor pool before they
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2 Department of Pediatrics and Communicable raised the possibility that EDN3 maintains neural crest
progenitors in an undifferentiated state (Hearn et al.,Diseases
University of Michigan 1998; Wu et al., 1999). EDN3 also promotes the prolifera-
tion of premigratory avian neural crest cells (Lahav etAnn Arbor, Michigan 48109
al., 1996; Reid et al., 1996), raising the possibility that
EDN3 is required for the proliferation of gut neural crest
cells. EDNRB signaling may also modulate the effect of
Summary
neurogenic factors such that reduced EDNRB signaling
causes premature (Hearn et al., 1998) or exuberant neu-
Loss of Endothelin-3/Endothelin receptor B (EDNRB)
rogenesis (von Boyen et al., 2002) prior to distal gut
signaling leads to aganglionosis of the distal gut
colonization. To evaluate these possibilities, it is neces-
(Hirschsprung’s disease), but it is unclear whether it
sary to understand the effects of EDN3 signaling on the
is required primarily for neural crest progenitor main-
NCSCs that give rise to the enteric nervous system. Gut
tenance or migration. Ednrb-deficient gut neural crest
NCSCs are self-renewing, multipotent progenitors that
stem cells (NCSCs) were reduced to 40% of wild-type
compose only a few percent of fetal gut cells (Bixby et
levels by embryonic day 12.5 (E12.5), but no further
al., 2002).
depletion of NCSCs was subsequently observed. Un-
The prospective identification and isolation of gut
differentiated NCSCs persisted in the proximal guts
NCSCs (Bixby et al., 2002; Kruger et al., 2002) has made
of Ednrb-deficient rats throughout fetal and postnatal
it possible to study uncultured gut NCSCs and the ef-
development but exhibited migration defects after
fects of mutations on their function (Iwashita et al., 2003).
E12.5 that prevented distal gut colonization. EDNRB
The expression of multiple Hirschsprung’s disease-
signaling may be required to modulate the response
related genes, including Ednrb and the GDNF receptor
of neural crest progenitors to migratory cues, such as
Ret/Gfra-1, by gut NCSCs and the regulation of NCSC
glial cell line-derived neurotrophic factor (GDNF). This
migration by GDNF suggested that Hirschsprung’s dis-
migratory defect could be bypassed by transplanting
ease may be caused by mutations that impair the ability
wild-type NCSCs directly into the aganglionic region
of NCSCs to colonize the hindgut (Iwashita et al., 2003).
of the Ednrbsl/sl gut, where they engrafted and formed
This raises the question of whether EDNRB signaling
neurons as efficiently as in the wild-type gut.
also regulates NCSC function. Ednrbsl/sl (spotting lethal)
rats have a deletion in the Ednrb gene that causes a
loss of EDNRB function and aganglionosis of the distalIntroduction
gut (cecum and colon) (Gariepy et al., 1996, 1998). We
found that Ednrb was not required in the E12.5 gut for theHirschsprung’s disease, or congenital aganglionosis of
the distal gut, occurs in 1 out of 5000 live births and is proliferation of NCSCs, and Ednrbsl/sl NCSCs persisted in
the proximal gut throughout fetal and postnatal develop-caused by a failure of neural crest cells to form ganglia
in the distal gut (Newgreen and Young, 2002). This re- ment. However, these NCSCs failed to migrate into the
distal gut. Consistent with the dependence upon Ednrbsults in a potentially lethal intestinal obstruction that
requires surgical intervention. A number of genetic for normal migration, EDN3 stimulation modulated the
migratory response of neural crest cells to GDNF. Thecauses of Hirschsprung’s disease have been identified
including loss-of-function mutations in endothelin-3 migration defect in the Ednrbsl/sl gut could be bypassed
by transplanting wild-type NCSCs into the aganglionic(Edn3) (also known as ET-3) (Greenstein Baynash et al.,
1994; Edery et al., 1996) and its receptor, endothelin region of the distal gut, indicating that the Ednrbsl/sl distal
gut is permissive for the survival and differentiation ofreceptor B (Ednrb) (Hosoda et al., 1994; Puffenberger
et al., 1994). In the absence of EDN3/EDNRB signaling, NCSCs.
migration of neural crest progenitors into the distal gut
is delayed and reduced (Jacobs-Cohen et al., 1987; Results
Rothman et al., 1993; Kapur et al., 1995; Shin et al.,
1999). However, it is unclear whether this reflects a pri- NCSCs Persist in the Fetal Gut
mary defect in the ability of neural crest cells to migrate in the Absence of Ednrb
or an indirect consequence of neural crest progenitor Ednrb is expressed by neural crest progenitors (Gariepy
et al., 1998), including NCSCs (Iwashita et al., 2003).
To test whether EDNRB signaling is required for the*Correspondence: seanjm@umich.edu
3 These authors contributed equally to this work. maintenance of NCSCs in vivo, we dissected the guts
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Table 1. Ednrb Deficiency Did Not Affect the Ability of p754 NCSCs to Undergo Multilineage Differentiation in Culture
Colonies Containing the Indicated Cell Types (%)
Plating
Efficiency NGM NG NM GM G only M only
Ednrb/ 88  39 73  22 11  6 1  1 2  3 3  5 11  20
Ednrb/sl 78  24 86  12 7  8 2  3 1  2 0  1 4  6
Ednrbsl/sl 86  47 71  24 13  16 6  13 2  3 6  12 2  4
Neurons (N) were identified as Peripherin cells, glia (G) were identified as GFAP cells, and myofibroblasts (M) were identified as SMA.
Plating efficiency refers to the percentage of E14.5 gut p754 cells that were sorted into culture that survived to form colonies. None of the
differences were statistically significant. Data represent mean  SD.
of E14.5 Ednrb/, Ednrb/sl, and Ednrbsl/sl rat pups, dis- and the Ednrbsl/sl NCSC pool is not exhausted postna-
tally.sociated the cells, and plated them in culture. 3.9% 
3.4%, 3.7%  3.1%, and 1.5%  1.1% of Ednrb/,
Ednrb/sl, and Ednrbsl/sl gut cells formed multilineage col- EDN3 Impairs the Self-Renewal
onies in culture containing neurons, glia, and myofi- of NCSCs in Culture
broblasts. This suggested that there were fewer NCSCs
We tested whether EDN3 promoted NCSC self-renewal
in the Ednrbsl/sl gut, though the difference was not statis-
in culture, because self-renewal should be quantitatively
tically significant (p 0.08, n 8–14 rats per treatment).
increased if EDN3 maintains the undifferentiated state
When NCSCs were isolated based on phenotype as
of progenitors. We isolated embryonic day 14.5 (E14.5)
p754 cells (Bixby et al., 2002), we also observed a whole-gut NCSCs by flow cytometry as p754 cells60% reduction in the frequency of p754 cells in (Bixby et al., 2002) and cultured individual cells either
Ednrbsl/sl rats as compared to Ednrb/ and Ednrb/sl rats
in the presence or absence of 10 ng/ml EDN3. After
at both E12.5 and E14.5. This difference was statistically
8 to 11 days, individual colonies were subcloned into
significant (p  0.01) at both time points. Irrespective
secondary cultures at clonal density to determine the
of genotype, a high percentage of p754 cells survived number of multipotent daughter cells generated per
to form colonies in culture (78%–88%), and most of
NCSC (Morrison et al., 1999; Bixby et al., 2002; Kruger
these (71%–86%) were large multilineage colonies
et al., 2002). In standard medium, 26 of 30 colonies gave
(1–2  105 cells per colony after 14 days) containing
rise to multipotent daughter cells (averaging 488  487
neurons, glia, and myofibroblasts (Table 1). Thus,
multipotent daughter cells per colony; mean  SD), but
p754 cells were highly enriched for NCSCs irrespec- in the presence of EDN3, only 1 of 16 colonies generated
tive of Ednrb genotype, and we observed a similar re-
multipotent daughter cells. Thus, EDN3 nearly elimi-
duction in the frequency of Ednrbsl/sl NCSCs whether
nated NCSC self-renewal in culture. EDN3 also signifi-
these cells were identified prospectively based on
cantly reduced the total number of subclones per colony
marker expression or retrospectively based on multilin-
from 754  458 in control cultures to 171  411 in the
eage colony formation. This indicates that Ednrb is re-
presence of EDN3. Since colonies cultured for 8 to 11
quired for the generation of normal numbers of NCSCs
days in the presence of EDN3 contained many fewer
in the fetal gut. However, between E12.5 and E14.5, we
cells than control colonies (Figure 1; see below), this
did not observe progressive depletion of the NCSC pool;
difference reflected a negative effect of EDN3 on prolif-
it remained at 40% of wild-type levels. Thus, the pool
eration.
of NCSCs was not completely exhausted prior to coloni-
To test whether EDN3 inhibited neuronal differentia-
zation of the distal gut.
tion by NCSCs, we cultured gut NCSCs for 14 days in
standard medium supplemented with 0, 1, or 10 ng/ml
EDN3. All cultures were performed at clonal density suchEdnrb Deficiency Does Not Lead to the Exhaustion
of NCSCs Even Postnatally that individual NCSCs were able to form spatially distinct
colonies. In standard medium, 81% of the coloniesGut NCSCs persist into adult life within the enteric ner-
vous system (Kruger et al., 2002). To test whether formed by p754 gut cells were large multilineage
colonies containing neurons, glia, and myofibroblastsEdnrbsl/sl NCSCs are further depleted after E14.5, we
examined the small intestines of postnatal day 7 (P7) (Figures 1A–1C). As observed previously (Hearn et al.,
1998; Wu et al., 1999), EDN3 significantly reduced theEdnrb/, Ednrb/sl, and Ednrbsl/sl rats. Cells from the
muscle/myenteric plexus layers of the small intestines frequency of neuron-containing colonies (Figure 1C).
However, most colonies cultured in 10 ng/ml EDN3 con-of rats of each genotype were dissociated and cultured
under standard conditions to determine the frequency sisted exclusively of smooth muscle actin (SMA) myo-
fibroblasts (Figures 1D and 1E) rather than undifferenti-of cells that formed multilineage NCSC colonies. We
found that 1.3%  0.3%, 0.9%  0.1%, and 0.6%  ated NCSCs. EDN3 did not kill NCSCs in culture because
it did not reduce the percentage of p754 cells that0.6% of Ednrb/, Ednrb/sl, and Ednrbsl/sl gut cells, re-
spectively, formed large multilineage colonies in culture. survived to form colonies (see Supplemental Table S1
at http://www.neuron.org/cgi/content/full/40/5/917/DC1),This indicates that an approximately 60% reduction in
Ednrbsl/sl gut NCSC frequency persists throughout fetal and when EDN3 was removed from the medium after
only 6 days, a reduced level of neuronal and glial differ-development into the postnatal period. Thus, Edrnb is
not required after E12.5 for the maintenance of NCSCs, entiation still occurred in most colonies (not shown).
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Figure 1. EDN3 Promoted Myofibroblast Dif-
ferentiation by Gut NCSCs in Culture
E14.5 p754 gut NCSCs formed multilin-
eage colonies containing Peripherin neu-
rons (A), GFAP glia (B), and SMA myofi-
broblasts (B) after 14 days in standard
culture. When the cultures were supple-
mented with EDN3, the same cell population
formed mainly colonies that contained exclu-
sively SMA myofibroblasts (D–F). The fre-
quency of multilineage colonies significantly
declined with increasing EDN3 concentration
(C), while the frequency of myofibroblast-only
colonies significantly increased (F) (*p 
0.05). Of the multilineage colonies that did
form in the presence of EDN3, most were pre-
dominantly myofibroblasts (G and H). 57% 
17%, 49% 6%, and 43% 15% of p754
cells survived to form colonies in 0, 1, and 10
ng/ml EDN3 (differences were not statistically
significant). Each statistic represents mean
SD for three independent experiments. All
photos represent the same magnification and
each pair of photos (A and B, D and E, G and
H) represents the same field of view from a
single colony.
Thus, EDN3 slowly caused NCSCs to differentiate into Ednrb was also not necessary for NCSC proliferation
or self-renewal in culture, as Ednrbsl/sl gut NCSCs formedmyofibroblasts rather than neurons and glia. The re-
duced neurogenesis and self-renewal by NCSCs in cul- similar numbers of total daughter colonies and multilin-
eage colonies as wild-type NCSCs in subcloning assaysture reflected a promotion of myofibroblast differentia-
tion by EDN3. Since neural crest appears to give rise (see Supplemental Figure S1 at http://www.neuron.org/
cgi/content/full/40/5/917/DC1).only to neurons and glia within the gut, and not to other
cells like smooth muscle (Le Douarin and Teillet, 1973; Given that EDN3 can have different effects under dif-
ferent culture conditions (Hearn et al., 1998), it was mostYoung, 1999), myofibroblast differentiation from NCSCs
does not appear to be a physiological outcome of important to examine the effect of Ednrb deficiency on
NCSC proliferation in vivo. We examined the cell cycleEDN3 stimulation.
distribution of uncultured E12.5 p754 NCSCs that
had been freshly isolated from Ednrbsl/sl and control guts.EDNRB Signaling Is Not Required for the
This was done by flow cytometrically determining theProliferation of E12.5 NCSCs In Vitro or In Vivo
DNA content of individual cells that were stained withAlthough EDN3 (see above) and GDNF (Iwashita et al.,
Hoechst 33342 (Morrison and Weissman, 1994; Mor-2003) individually did not promote the proliferation or
rison et al., 1999; Kruger et al., 2002). We were unableself-renewal of NCSCs in culture, we wondered whether
to detect any effect of Ednrb deficiency on the cell cyclethe combination of the two factors might promote NCSC
distribution of gut NCSCs (Figure 2). This suggests thatsurvival or proliferation, given the evidence that these
Ednrb deficiency does not affect the proliferation ofpathways interact (Hearn et al., 1998; Carrasquillo et al.,
NCSCs in vivo at E12.5.2002). Ednrb is genetically required in the mouse from
To be certain that the Hoechst analysis mirrored inE10 to E12.5 (Shin et al., 1999), corresponding approxi-
vivo proliferation, we administered BrdU to pregnantmately to E11–E13.5 in the rat. We thus tested 0, 1, 10,
Edrnbsl/sl rats 2 hr prior to isolating p754 NCSCs fromor 100 ng/ml EDN3 in combination with 0, 1, 10, or 100
the guts of E13.5 fetuses by flow cytometry (Morrisonng/ml GDNF for their ability to promote the survival or
et al., 1999). 34%  14% of Edrnbsl/sl p754 cells andproliferation of E12.5 p754 rat gut NCSCs in chemi-
30% 7% of p754 cells from control littermates hadcally defined culture medium for 2 or 6 days. Although
incorporated BrdU in vivo prior to isolation. Thus, ratesthere was a trend toward increased survival in the pres-
of BrdU incorporation also suggested that Ednrb wasence of EDN3 and GDNF, the differences were not statis-
not necessary for NCSC proliferation in vivo after E12.5.tically significant (see Supplemental Table S1 at http://
This is consistent with our failure to observe a progres-www.neuron.org/cgi/content/full/40/5/917/DC1). No
sive depletion of NCSCs in vivo after E12.5 as well ascombination of EDN3 and GDNF significantly increased
with a recent report that failed to observe any effect ofthe number of cells per NCSC colony after 2 or 6 days
EDN3 deficiency on neural crest proliferation in vivoof culture (see Supplemental Table S2). Consistent with
(Woodward et al., 2003). However, the 60% reductionthe promotion of myofibroblast differentiation by EDN3
in the frequency of Ednrbsl/sl NCSCs in vivo prior to E12.5(Figure 1), the presence of EDN3 with or without GDNF
may reflect a role for EDNRB signaling in NCSC forma-in the culture medium significantly reduced the number
tion, survival, or proliferation (self-renewal) prior toof cells per NCSC colony after 6 days (see Supplemental
Table S2). E12.5. It also remains possible that EDNRB signaling
Neuron
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EDN3/EDNRB signaling (Kapur et al., 1992, 1993, 1995;
Coventry et al., 1994; Shin et al., 1999; Lee et al., 2003),
though the effect on NCSC migration has not specifically
been examined. We compared the frequency of NCSCs
in the E14.5 proximal gut (stomach and small intestine)
with the frequency of NCSCs in the distal gut (cecum
and colon). In the rat, neural crest cells migrate into the
cecum around E13 and are present throughout the distal
gut by E14.5. NCSCs were present at similar frequencies
in the proximal guts of Ednrbsl/sl, Ednrb/sl, and Ednrb/
littermates (Table 2). However, they were nearly com-
pletely absent from the cecum and colon of Ednrbsl/sl
fetuses. The absence from the distal gut appeared to
be permanent rather than transient, as no NCSCs could
be isolated from the distal guts of P21 or P27 Ednrbsl/sl
rats despite continuing to be present at normal frequen-
cies in the small intestines of these animals (Table 2).
To more precisely understand the point at which
NCSC migration is impaired, we compared the fre-
quency of NCSCs in the cecum to one cecum length of
gut proximal to the ileocecal junction (distal ileum) at
E15.5. Nineteen of twenty-one controls (Ednrb/sl and
Ednrb/) had NCSCs in the short segment of distal
ileum and in the cecum. Six of eight Ednrbsl/sl guts had
NCSCs in this segment of distal ileum but only one had
NCSCs in the cecum. In controls, the frequency of cells
from these two segments of gut that formed NCSC colo-
nies in culture was similar: 1.5%  1.2% in the distal
ileum and 2.6%  2.6% in the cecum. Ednrbsl/sl guts
were highly variable, consistent with the observation
that Ednrbsl/sl guts are variably hypoganglionic in the
distal ileum (Nagahama et al., 1985; Watanabe et al.,
1997), but cells that formed NCSC colonies averaged
1.7%  3.5% in the distal ileum and 0.1%  0.2% in
the cecum. Thus, despite the presence of Ednrbsl/sl
NCSCs very close to the cecum in most rats, these cells
rarely migrated into the cecum, even by E15.5.
Ednrb Deficiency Does Not Cause Increased
Neuronal Differentiation or Cell Death
in the Ileum or Cecum
Figure 2. Ednrb Is Not Required for Gut NCSC Proliferation at E12.5
Consistent with previous studies (Kapur et al., 1995;In Vivo
Shin et al., 1999; Lee et al., 2003), we observed that
The percentages of Ednrb/ (A) and Ednrbsl/sl (B) p754 gut
neural crest migration was delayed in Ednrbsl/sl guts.NCSCs in G0/G1 (2N DNA) and S/G2/M (2N DNA) phases were
Ednrbsl/sl neural crest cells had only migrated part waydetermined by flow cytometry using the DNA dye Hoechst 33342.
through the ileum at E13, while neural crest cells in wild-Forward scatter is proportional to cell size. The percentage of cells
in S/G2/M phases of the cell cycle did not differ significantly between type littermates were already in the cecum (data not
Ednrb/, Ednrb/sl, and Ednrbsl/sl NCSCs (C). 6–10 embryos of each shown). To test whether this delayed migration was as-
genotype were analyzed in two independent experiments. sociated with increased neurogenesis or cell death, we
examined sections through the neural crest migration
front in the Ednrbsl/sl ileum as well as the ileum of control
might regulate NCSC proliferation in restricted regions littermates. Although the Ednrbsl/sl and Ednrb/ sections
of the gut in a way that could not be detected when contained comparable numbers of p75 cells (Figures
NCSCs from the whole gut were analyzed. 3A–3C), the Ednrbsl/sl sections contained significantly
fewer Peripherin neurons (Figures 3D–3F), and none of
Ednrbsl/sl NCSCs Cannot Be Detected in the Fetal the sections contained activated caspase-3 cells (a
or Postnatal Distal Gut marker of cell death) (Figures 3G–3I). While it is diffi-
The 60% reduction in the frequency of Ednrbsl/sl NCSCs cult to compare neurogenesis between Ednrbsl/sl and
might lead to hypoganglionosis but by itself would not Ednrb/ sections due to the difference in the extent of
be expected to result in aganglionosis. The observation neural crest migration, Ednrbsl/sl sections contained few
that self-renewing and multipotent Ednrbsl/sl gut NCSCs Peripherin cells relative to p75 cells (compare Figure
persist throughout development raises the question of 3F to Figure 3C). Thus, there was no evidence for in-
whether these cells ever migrate into the distal gut. Neu- creased neurogenesis or cell death that would delay the
migration of Ednrbsl/sl cells.ral crest migration in the gut is retarded in the absence of
Endothelin Regulates Neural Stem Cell Migration
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Table 2. NCSC Frequencies Were Normal in Proximal Gut but Grossly Decreased in the Distal Gut of Ednrb-Deficient Rats throughout Fetal
and Early Postnatal Development
Frequency of NCSCs (%)
E14.5 P21 P27
Proximal gut Ednrb/ 5.6  1.7 1.6  0.5 0.6  0.3
Ednrb/sl 4.8  1.7 3.7  0.5* 0.8
Ednrbsl/sl 6.1  2.2 2.2  2.5 0.5  0.1
Distal gut Ednrb/ 5.2  2.4 1.6  0.5 0.1  0.1
Ednrb/sl 4.4  2.2 2.3  1.0 0.1
Ednrbsl/sl 0.10  0.18* 0.0  0.0* 0.0  0.0
The frequency of NCSCs was determined based on the percentage of cells from the E14.5 gut (full thickness) or P21 or P27 gut (outer muscle/
plexus layers only) that formed multilineage colonies in culture. Each statistic represents mean SD for 6–18, 3, and 1–3 rats of each genotype
at E14.5, P21, and P27, respectively (*p  0.05 relative to Ednrb/).
To determine whether NCSCs underwent premature cells in both the distal ileum and cecum of control guts,
but only in the distal ileum of Ednrbsl/sl guts (Figures 3Jneurogenesis or cell death as they attempted to migrate
into the cecum, we compared sections through the distal and 3K). There were significantly fewer Peripherin cells
in the distal ileum of Ednrbsl/sl as compared to Ednrb/ileum (near the ileocecal junction) and cecum of Ednrbsl/sl
and Ednrb/ guts at E13.5–E14. We observed p75 guts (data not shown). Peripherin neurites and cell bod-
Figure 3. Delayed Migration in Ednrbsl/sl Guts
Was Not Associated with an Increase in Neu-
ronal Differentiation or Cell Death
Sections of E13 (A–H) and E13.5–E14 (J–O)
Ednrbsl/sl and control (Ednrb/ or Ednrb/sl)
guts were analyzed for the presence of neural
crest progenitors (p75), differentiated neu-
rons (Peripherin), and apoptotic cells (acti-
vated caspase-3) by immunohistochemis-
try. At E13, serial sections were cut through
the most distal point of neural crest migration
in the ileum of Ednrbsl/sl guts, as well as the
ileum of control littermates. Similar numbers
of p75 cells/section were detected in both
control and Edrnbsl/sl animals (A–C); however,
the number of Peripherin cells (E, arrow) in
the ileum of Edrnbsl/sl guts was significantly
lower than in the same region of the control
gut (D–F; *p  0.05). Activated caspase-3
staining was rare or undetectable in both con-
trol and Edrnbsl/sl guts (G and H) but was de-
tected in the dorsal root ganglion (I, arrow-
head), which is known to contain apoptotic
cells. At E13.5–E14 when Edrnbsl/sl neural
crest cells were present near the ileocecal
junction, sections of control and Edrnbsl/sl ilea
and ceca were analyzed. While p75 cells
were present in the distal ileum of both
Edrnbsl/sl and control guts, p75 cells were
readily detected in the cecum of control guts
(J) but not Edrnbsl/sl cecum (K). Similarly, Per-
ipherin cells were present in the distal ileum
of both control and Edrnbsl/sl guts (though at
significantly lower levels in Edrnbsl/sl guts;
data not shown). Peripherin cells and pro-
cesses were readily detected in the cecum
of control guts (L; arrows) but not Edrnbsl/sl
cecum (M). Only very rare activated cas-
pase-3 cells were detected in control (N) and
Edrnbsl/sl cecum (O); none were visible in most
sections including those shown.
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Figure 4. EDN3 Did Not Antagonize the Neurogenic Effect of BMP4
on p754 Gut NCSCs
E14.5 p754 gut NCSCs were cultured for 6 days in standard
medium supplemented with 0–50 ng/ml BMP4 and 0–10 ng/ml EDN3,
and the percentage of colonies that contained neurons was counted. Figure 5. Ednrb Deficiency Has Little Effect on the Neurogenic Ca-
10 ng/ml EDN3 significantly reduced the level of spontaneous neuro- pacity of Gut NCSCs in the Absence or Presence of BMP4
genesis observed in the absence of BMP4 (*p  0.05) but failed to
p754 gut NCSCs were isolated from E13.5 and E14.5 Ednrb/,inhibit the neurogenic effect of 1 or 50 ng/ml BMP4. Each statistic
Ednrb/sl, and Ednrbsl/sl rat pups and cultured in the presence or
represents mean  SD for three independent experiments. Plating
absence of BMP4 for 6 days in standard medium. A higher percent-
efficiency (51% to 66%) did not significantly differ between treat-
age of Ednrb/sl colonies underwent neurogenesis in the absence
ments. Similar results were obtained using E13.5 gut NCSCs cul-
of BMP4 (*p  0.05), but a lower percentage of Ednrbsl/sl colonies
tured in chemically defined or standard medium (see Supplemental
underwent neurogenesis in the presence of BMP4 (*p 0.05). Each
Figure S2).
statistic represents mean  SD for 3–5 independent experiments
using at least 14 Ednrb/, 23 Ednrb/sl, and 9 Ednrbsl/sl rats. No
differences were detected between E13.5 and E14.5 gut NCSCsies were present in the control ceca, but neither neurites
of either genotype in terms of responsiveness to BMP4. Platingnor cell bodies were present in the Ednrbsl/sl ceca (Fig-
efficiency (46% to 66%) did not significantly differ between treat-
ures 3L and 3M). We also observed no evidence for cell ments. There was no significant difference between treatments in
death in either the Ednrbsl/sl or control distal ileum or the number of neurons per colony (data not shown).
cecum (Figures 3N and 3O). Thus, we could find no
evidence that the arrest in Ednrbsl/sl neural crest migra-
tion in the distal ileum was associated with increased consistent with its ability to promote myofibroblast dif-
ferentiation under these culture conditions (Figure 1).neurogenesis or cell death.
However, EDN3 failed to inhibit the enhanced neurogen-
esis observed in the presence of 1 or 50 ng/ml BMP4EDN3 Signaling Does Not Strongly Affect
the Neurogenic Response of Gut NCSCs to BMP4 (Figure 4; see Supplemental Figure S2 at http://www.
neuron.org/cgi/content/full/40/5/917/DC1).The lack of evidence for premature neurogenesis by
Ednrbsl/sl NCSCs at the migration front contrasted with Although EDN3 stimulation did not affect the neuro-
genic response of wild-type NCSCs to BMP4 in culture,previous models suggesting that Ednrb is required to
negatively regulate neurogenesis by migrating neural this did not rule out the possibility that Ednrbsl/sl NCSCs
might intrinsically differ in their responsiveness tocrest cells. We thus examined the ability of EDNRB sig-
naling to modulate neurogenesis by NCSCs in response BMP4. To test this, we cultured E13.5 or E14.5 Ednrb/,
Ednrb/sl, and Ednrbsl/sl NCSCs for 6 days in mediumto the neurogenic factor Bone Morphogenetic Protein 4
(BMP4), which is expressed in the E14 gut mesenchyme containing 0, 1, or 50 ng/ml BMP4. Ednrb/sl NCSCs
tended to exhibit a slightly stronger neurogenic re-(Bixby et al., 2002). BMPs are necessary (Schneider et
al., 1999) and sufficient (Reissman et al., 1996) for auto- sponse to BMP4, while Ednrbsl/sl NCSCs tended to ex-
hibit a slightly weaker neurogenic response to BMP4nomic neurogenesis in vivo, and they instruct NCSCs
from the gut and other locations to undergo accelerated (Figure 5). The slightly but significantly increased neuro-
genic response of Ednrb/sl NCSCs correlates with theneuronal differentiation (Shah et al., 1996; Morrison et
al., 1999; Pisano et al., 2000; Bixby et al., 2002). Since previously reported subtle increase in ganglion size and
nerve fiber size within the submucosal plexus ofBMPs induce Mash1 expression in gut NCSCs (Pisano
et al., 2000; Bixby et al., 2002) and Mash1 is required Ednrb/sl rats (von Boyen et al., 2002) and could poten-
tially explain that observation. While the slight reductionfor the differentiation of serotonergic and other enteric
neurons (Blaugrund et al., 1996), it is likely that at least in the neurogenic response of Ednrbsl/sl NCSCs could
cause a subtle reduction in neurogenesis in vivo, itcertain subtypes of enteric neurons arise as a result of
NCSC stimulation by BMPs. seems unlikely that this effect could cause agangli-
onosis. It remains possible that EDN3 signaling mightWe cultured E14.5 p754 gut NCSCs in standard
medium supplemented with 0–50 ng/ml BMP4 and 0–10 more dramatically affect the response to other, as yet
unidentified neurogenic factors.ng/ml EDN3. Although nearly all p754 gut cells make
neurons over a period of 14 days in culture (Table 1),
much lower levels of neurogenesis are observed after EDN3 Modifies the Migratory Response
of Neural Crest Cells to GDNFonly 6 days in culture, except in the presence of BMP4.
10 ng/ml EDN3 slightly but significantly reduced the The failure of Ednrbsl/sl neural crest cells to migrate
through the cecum raised the possibility that EDNRBlevel of neurogenesis that was observed in the absence
of BMP4 during the first 6 days in culture (Figure 4), signaling regulates the migration of NCSCs. EDN3 did
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not promote the migration of neural crest cells out of The Aganglionic Distal Gut of Ednrbsl/sl Rats
Is Permissive for the Engraftmentthe gut (Figures 6G and 6K). The lack of evidence for a
and Differentiation of Wild-Type NCSCsdirect chemoattractive effect raised the possibility that
If aganglionosis is primarily caused by an inability ofEDNRB signaling modulates the response of NCSCs to
Ednrbsl/sl NCSCs to migrate into the distal gut, then itother migration factors. One such factor is GDNF, which
might be possible to circumvent this defect by trans-is thought to guide the migration of neural crest cells
planting wild-type NCSCs directly into the aganglionicthrough the foregut and into the cecum (Young et al.,
region of the Ednrbsl/sl distal gut. On the other hand, if2001; Natarajan et al., 2002; Iwashita et al., 2003). We
the environment of the Ednrbsl/sl distal gut is not permis-tested whether Ednrbsl/sl NCSCs were able to migrate
sive for NCSC survival (such as might result fromtoward GDNF. E13.5 Ednrb/ and Ednrbsl/sl guts were
changes in the extracellular matrix in the Ednrbsl/sl distalcultured in collagen gels containing 10 ng/ml GDNF as
gut), then even transplantation of NCSCs into this regionpreviously described (Natarajan et al., 2002; Iwashita et
should not lead to the generation of significant numbersal., 2003), and the extent of migration was examined
of neurons. To test this, we transplanted geneticallyafter 2 to 3 days. Extensive neurite outgrowth and cell
labeled donor gut NCSCs into the hindgut of threemigration were observed from both Ednrb/ and
Ednrbsl/sl and four control (two Ednrb/ and twoEdnrbsl/sl small intestines (Figures 6A and 6B). The total
Ednrb/sl) littermate rats. The NCSCs were isolated bydistance cells migrated into the gels did not differ signifi-
flow cytometry from the guts of E14.5 rat embryos thatcantly between genotypes (Figure 6C). When migrating
expressed human placental alkaline phosphatasecells were extracted from the collagen gel and allowed
(hPAP) under the control of the ROSA26 promoter.to form colonies at clonal density in secondary cultures,
hPAP NCSCs were injected into the E14.5 Ednrbsl/sl and2.5%  1.7% of the replated cells gave rise to multilin-
control distal guts at a point midway between the cecumeage colonies, demonstrating that NCSCs were in-
and the rectum. Injected guts were placed onto thecluded among the migrating cells. Ednrbsl/sl neural crest
chorioallantoic membrane (CAM) of 10-day-old chickencells thus retained their ability to migrate in response
embryos and allowed to develop for 5 days, while theyto GDNF.
grew and became vascularized (Fontaine-Perus et al.,To test whether EDN3 signaling modifies the migratory
1981; Meijers et al., 1987).
response to GDNF, we cultured normal E13.5 rat guts
Six of seven injected guts showed widespread en-
in collagen gels containing 50 ng/ml EDN3, 10 ng/ml
graftment of hPAP cells (one Ednrb/sl gut failed to
GDNF, and/or 5 m of the EDNRB antagonist BQ-788.
engraft). Similar numbers of hPAP cells were detected
EDN3 reduced the migration of neural crest cells in re- in both control and Ednrbsl/sl distal guts (Figure 7). hPAP
sponse to GDNF (Figures 6H and 6K). Migrating cells cells were typically found in the gut wall surrounding
occupied a significantly smaller area of the collagen gel the lumen (Figures 7A and 7B). A majority of hPAP
when both GDNF and EDN3 (Figure 6I) were added to cells in both the Ednrbsl/sl (86.2%  9.0%) and control
the cultures as compared to GDNF alone (Figure 6H) or (73.25% 18.8%) guts coexpressed 	-III tubulin, a neu-
when the EDNRB inhibitor was also added (Figure 6J). In ronal marker, but no hPAP GFAP glia were detected
the absence of EDN3, cells appeared to migrate diffusely in either treatment. Only rare hPAP cells coexpressed
along neurites extending far out into the collagen gel activated caspase-3 in either Ednrbsl/sl or control distal
(Figures 6A, 6B, 6H, and 6J), whereas in the presence guts, indicating that few of the transplanted cells under-
of EDN3, the processes appeared much shorter (Figure went cell death irrespective of the genotype of the hind-
6I). The total number of migrating cells (Figure 6M) and gut environment. NCSCs thus engrafted similarly in con-
the total number of migrating NCSCs (Figure 6N) were trol and Ednrbsl/sl distal guts, demonstrating that the
not significantly reduced in the presence of GDNF and aganglionic region of the Ednrbsl/sl distal gut can support
EDN3 as compared to GDNF alone. Thus, EDN3 reduced the survival and differentiation of NCSCs.
the distance over which neurites extended and cells
migrated rather than the number of migrating cells. In
some cases, processes appeared thicker in the pres- Discussion
ence of EDN3 as larger aggregates of cells accumulated
on the shorter neurites. These data suggest that EDN3 The mechanism by which defects in endothelin signaling
negatively regulates the migratory response of neural cause Hirschsprung’s disease has been uncertain. Most
crest cells to GDNF. models have proposed that loss of EDN3 signaling leads
It cannot be determined from our observations to the premature differentiation or loss of progenitors
whether GDNF directly promoted the migration of prior to the onset of distal gut gangliogenesis, leaving
NCSCs or whether the NCSCs migrated out of the gut no progenitors to colonize the distal gut. But no studies
as a result of neurite extension into the collagen gel. have directly examined the effect of EDNRB signaling
This raises the possibility that EDN3 could impair the on gut NCSCs, which comprise only a few percent of
migratory response to GDNF by acting directly on the fetal gut cells.
NCSCs, or by impairing neurite extension, or both. Since EDN3/EDNRB-signaling did not promote NCSC self-
multiple guidance mechanisms are likely involved in the renewal, survival (see Supplemental Table S1 at http://
migration of neural crest cells in the distal gut (Natarajan www.neuron.org/cgi/content/full/40/5/917/DC1), or
et al., 2002; Jiang et al., 2003), it is possible that EDNRB proliferation (see Supplemental Table S2) in culture.
signaling modulates the response of neural crest cells Ednrb was also not required for NCSC proliferation in
vivo at E12.5 (Figure 2). It remains possible that EDN3to other pathways as well.
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Figure 6. EDN3 Alters the Migration of Gut NCSCs in Response to GDNF
(A) Large numbers of cells migrated out of E13.5 rat guts in the presence of GDNF as has been described previously (Young et al., 2001;
Natarajan et al., 2002; Iwashita et al., 2003). Panels (A), (B), (D), and (E) were stained with DAPI to reveal cell nuclei (all panels same magnification).
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Figure 7. Fetal Gut NCSCs Engraft, Migrate,
and Give Rise to Neurons within the Aganglio-
nic Region of Ednrbsl/sl Distal Gut
E14.5 p754 gut NCSCs were isolated by
flow cytometry from Ednrb/ rats expressing
the human placental alkaline phosphatase
(hPAP) gene under the control of the ROSA26
promoter. These gut NCSCs were injected
into the hindgut of E14.5 Ednrbsl/sl (n  3) and
control (Ednrb/ and Ednrb/sl; n  4) lit-
termates at a single point halfway between
the cecum and the rectum. The injected guts
were then grafted onto the chorioallantoic
membrane of 10-day-old chicken embryos
and allowed to develop in ovo for a further 5
days before being fixed and sectioned. En-
grafted cells were detected by either a chro-
mogenic reaction for alkaline phosphatase
activity (A and B; purple product) or immuno-
histochemically using an antibody against
hPAP (C and D; green). Widespread en-
graftment of hPAP cells was consistently
seen in the gut wall of control (A) and Ednrbsl/sl
(B) hindguts. The majority of hPAP cells ex-
pressed 	-III tubulin (arrows) in control (C)
and Ednrbsl/sl (D) hindguts, but some hPAP
cells remained 	-III tubulin negative (white
arrowheads). In the wild-type gut, hPAP
cells engrafted in close association with en-
dogenous 	-III tubulin neurons (open arrow-
heads). Cells engrafted over a similar length
of the hindgut (E), in similar numbers (F), in-
cluding similar numbers of neurons (G) in con-
trol and Ednrbsl/sl hindguts (none of the differ-
ences were statistically significant). Only rare
hPAP cells expressed activated caspase-3
(a marker of cell death) in either control or
Ednrbsl/sl hindguts (data not shown).
promotes the survival or proliferation of a subset of E12.5, they remained at approximately 40% of wild-type
levels throughout the rest of fetal development and inrestricted neural crest progenitors, as NCSCs can re-
spond differently than restricted neural progenitors to the postnatal gut.
EDNRB signaling is required in vivo for enteric nervousfactors that regulate gut development (Iwashita et al.,
2003). EDN3 did not impair neurogenesis that was driven system development between E10 and E12.5 in mice
(Shin et al., 1999), corresponding to E11–E13.5 in rats.by BMP4 stimulation (Figure 4; see Supplemental Figure
S2), and Ednrbsl/sl NCSCs exhibited only a slightly re- Thus, Ednrb is temporally required after vagal neural
crest cells have entered the gut, consistent with theduced neurogenic response to BMP4 (Figure 5). This
was consistent with our failure to observe premature observation that the initial specification and dispersal
of neural crest cells appears normal in Ednrb-deficientor increased neurogenesis in the Ednrbsl/sl neural crest
migration front in vivo (Figure 3). Although Ednrbsl/sl gut mice (Lee et al., 2003). Therefore, the reduced size of
the NCSC pool in the guts of E12.5 Ednrbsl/sl rats mayNCSCs were reduced to 40% of wild-type levels by
Cell migration was similar from Ednrbsl/sl and Ednrb/ small intestines (B). No difference was observed between Ednrb/ and Ednrbsl/sl guts
in terms of the maximum distance cells migrated from the gut into the collagen gel (C). Extensive migration was also seen from Ednrb/
distal gut (D) but not Ednrbsl/sl distal gut (E), consistent with the absence of neural crest cells from the cecum and colons of Ednrbsl/sl rats.
Wild-type E13.5 guts were also cultured in collagen gels containing EDN3, GDNF, and/or the EDNRB inhibitor BQ-788 (F–J; phase contrast
tiled photos; all panels same magnification). EDN3 by itself did not promote migration of cells out of the gut (G and K) in contrast to GDNF
(H and K). However, EDN3 significantly reduced the extent to which cells and neurites extended into collagen gels supplemented with GDNF
(I) (K; *p  0.05 versus no add; p  0.05 versus GDNF). This effect was largely abolished in the presence of the EDNRB inhibitor BQ-788
(J and K, GDNF versus GDNFEDN3BQ, p  0.297). (L) A higher magnification view of the nuclei of migrating cells shows aggregates of
cells migrating along neurites that extended from the gut in response to GDNF. The total number of cells that migrated did not differ between
gels containing GDNF alone or GDNF and EDN3, and both of these treatments induced significantly more migration out of the guts than either
no add or EDN3 alone (M; *p  0.05 versus no add; p  0.05 versus GDNF). The cells that migrated out of the gut in response to GDNF
also included similar numbers of NCSCs regardless of whether EDN3 was also present (N; *p  0.05 versus no add; p  0.05 versus GDNF).
EDN3 thus negatively regulated the distance that cells migrated in this assay in response to GDNF.
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be due to reduced NCSC survival or self-renewal prior ral crest cells (including NCSCs) retained the ability to
migrate out of the gut in response to GDNF (Figureto E12.5.
If the only defect due to Ednrb deficiency was the 60% 6). However, EDN3 modified the migratory response of
wild-type NCSCs to GDNF. The ability of EDN3 to modifyreduction in NCSC frequency, then hypoganglionosis
rather than aganglionosis might be expected. However, the migratory response of NCSCs to GDNF is consistent
with the interaction of these genes in determining riskmigration defects were observed after E12.5 in Ednrbsl/sl
NCSCs, when migration through the ileum was delayed of Hirschsprung’s disease (Carrasquillo et al., 2002;
McCallion et al., 2003).and then arrested near the ileocecal junction (Figure
3), consistent with previous studies (Kapur et al., 1992, Chemoattraction to GDNF alone cannot account for
colonization of the distal gut because, in the absence of1993, 1995; Coventry et al., 1994; Shin et al., 1999; Lee
et al., 2003). Analysis of sections through the Ednrbsl/sl other mechanisms, neural crest cells would not migrate
beyond the cecum where GDNF expression is highest.distal ileum and cecum failed to detect more than rare
neural crest cells in the cecum or any evidence for in- This suggests that additional factors may promote the
migration of neural crest cells into the distal gut (Natara-creased neurogenesis or cell death in the distal ileum
or cecum (Figure 3). This is consistent with other recent jan et al., 2002). The fact that EDN3 reduced the migra-
tory response to GDNF in the collagen gel assay is con-studies that failed to detect increased neurogenesis or
cell death around the cecum in Edn3- or Ednrb-deficient sistent with the possibility that EDN3 signaling releases
neural crest cells from the cecum by reducing the chem-mice (Lee et al., 2003; Woodward et al., 2003). Thus,
Ednrbsl/sl NCSCs exhibited a migration defect that pre- oattractiveness of GDNF. However, this would not ex-
plain the ability of EDN3 to promote the migration ofvented them from colonizing the distal gut, despite per-
sisting in normal numbers in the proximal gut (Table 2). exogenous neural crest cells into Edn3
/
 terminal colon
in culture (Wu et al., 1999). This suggests that EDN3This migration defect was temporally distinct from the
defect that reduced NCSC frequency prior to E12.5, in signaling may enhance the responsiveness of neural
crest cells to an as yet unidentified factor that attractsthat no further depletion of the Ednrbsl/sl NCSC pool
was observed after E12.5 when the migration defect them into the distal gut. Our data demonstrate that
EDNRB signaling regulates migration and that it canbecame apparent.
These observations raise the question of whether the modulate the response of neural crest cells to GDNF,
though whether this explains the migration defects of60% reduction in the frequency of Ednrbsl/sl NCSCs prior
to E12.5 prevented these cells from subsequently colo- Ednrbsl/sl neural crest cells, or whether EDNRB signaling
also modulates the response to other migration cues,nizing the entire gut, even though the proximal gut re-
tained normal numbers of Ednrbsl/sl NCSCs throughout is not yet known.
One possibility is that EDN3 acts directly on NCSCsdevelopment. Perhaps NCSCs must fill up stem cell
niches as they migrate through the gut and can only to alter their migratory properties. This is consistent with
the ability to rescue gangliogenesis in the distal gut ofmigrate further once the niches behind the migration
front are completely filled. In such a model, a reduced Ednrbsl/sl rats by expressing Ednrb specifically in neural
crest progenitors (Gariepy et al., 1998). On the othernumber of stem cells would completely colonize a re-
duced length of gut, rather than being distributed more hand, there are also non-cell-autonomous effects. In
chimeric mice, Ednrbsl/sl neural crest progenitors migratesparsely throughout the entire gut. However, this model
of gut colonization seems unlikely for several reasons. throughout the distal gut and contribute to the enteric
nervous system as long as a sufficient proportion ofFirst, even greatly reduced numbers of neural crest cells
are able to expand in number to completely colonize Ednrb/ cells is present (Kapur et al., 1995). One possi-
ble non-cell-autonomous effect could be the inhibitionthe colon (Sidebotham et al., 2002). Second, blockade
of EDNRB signaling in E12.5 mouse gut organ cultures of neurite extension in response to GDNF (Figure 6). This
could reflect a physiological role for neurite extension inleads to terminal gut aganglionosis (Woodward et al.,
2000), even though these guts have already completed neural crest migration (Gilmour et al., 2002) or a require-
ment for neurites in the collagen gel assay to provide athe EDNRB-dependent phase of NCSC expansion.
Third, EDN3-deficient neural crest cells could colonize permissive substrate for migration. While the neural
crest migration front in the gut is not associated withwild-type hindgut in culture, but wild-type neural crest
cells were unable to colonize EDN3-deficient hindgut neuronal processes, many of the migrating neural crest
cells that trail the migration front appear to be associ-(Jacobs-Cohen et al., 1987). These observations sug-
gest that EDNRB signaling regulates neural crest migra- ated with neuronal processes (Baetge and Gershon,
1989; Young et al., 2002; Conner et al., 2003). However,tion independent of its earlier effects on NCSC fre-
quency. the cause/effect relationship between neural crest mi-
gration and neurite extension remains to be determined.There was no evidence that EDN3 itself was chemoat-
tractive (Figure 6), despite the fact that it is most highly Another possible mechanism by which EDNRB signal-
ing could have non-cell-autonomous effects on migra-expressed in the cecum (see Supplemental Figure S3
at http://www.neuron.org/cgi/content/full/40/5/917/ tion is by acting on non-neural crest-derived cells to
alter the migratory environment in the cecum. Prior stud-DC1; Leibl et al., 1999; Natarajan et al., 2002). Although
multiple factors likely regulate the migration of NCSCs ies have hypothesized that changes in the extracellular
matrix elaborated in the Ednrb-deficient distal gut makethrough the gut (Natarajan et al., 2002; Jiang et al., 2003),
one factor that is thought to play a major role is GDNF. it nonpermissive for the survival or migration of neural
crest progenitors (Rothman et al., 1996; Burns and LeGDNF is expressed highly in the cecum and promotes
the migration of neural crest cells through the foregut Douarin, 1998). To test this, we injected NCSCs into the
Ednrbsl/sl colon. NCSCs survived, engrafted in similar(Young et al., 2001; Natarajan et al., 2002). Ednrbsl/sl neu-
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streptomycin, and 20 ng/ml IGF1 (R&D Systems). Under standardnumbers, and underwent neurogenesis throughout a
conditions, cells were cultured for 6 days in this medium, thensimilar length of the Ednrbsl/sl distal gut as was observed
switched to a similar medium that favors differentiation (with 1%in the Ednrb/ distal gut (Figure 7). This suggests that
CEE, 10 ng/ml bFGF, and no IGF1, plus 5% fetal bovine serum for
the aganglionic colon of the Ednrbsl/sl gut is as permissive postnatal NCSCs) for another 8 days before immunohistochemical
for wild-type NCSC survival and neuronal differentiation analysis of colony composition. Chemically defined culture medium
was the same except that it lacked chick embryo extract or serum.as the Ednrb/ gut. However, it remains possible that
All NCSC cultures were maintained in gas-tight chambers (Billups-the Ednrbsl/sl distal gut might not be permissive for the
Rothenberg, Del Mar, CA) containing decreased oxygen levels tosurvival or differentiation of transplanted Ednrbsl/sl
enhance the survival of NCSCs (Morrison et al., 2000).NCSCs. It is also possible that changes in the extracellu-
lar matrix within the Ednrbsl/sl cecum might contribute
Immunohistochemistryto the inability of NCSCs to migrate through that region
Cultures were fixed in acid ethanol (5% glacial acetic acid in 100%
of the gut. ethanol) for 20 min at 
20C, washed, blocked, and triply labeled
In addition to the vagal neural crest cells that form with antibodies against peripherin (Chemicon AB1530; Temecula,
the majority of enteric neurons and glia, sacral neural CA) to identify neurons, GFAP (Sigma G-3893) to identify glia, and
 SMA (Sigma A-2547) to identify myofibroblasts.crest cells form a minority of the neurons and glia in the
distal (postumbilical) gut (Burns and Le Douarin, 1998;
Gut Migration AssayKapur, 2000). Our failure to detect significant numbers
Guts were dissected from E13.5 rat fetuses and embedded in colla-of NCSCs in the Ednrbsl/sl distal gut suggests that neither
gen gels as previously described (Iwashita et al., 2003) containingvagal-derived nor sacral-derived NCSCs were able to
10 ng/ml GDNF (R&D Systems), 50 ng/ml ET-3 (Sigma), 5 M BQ-migrate into the Ednrbsl/sl distal gut. This suggests that
788 (Sigma), or combinations of these factors. After 2–3 days, guts
EDN3 signaling is independently required for the migra- were removed, and cells that had migrated into the collagen gel
tion of sacral-derived NCSCs into the distal gut. were extracted by digesting the gels with 0.05% trypsin (GIBCO).
Future efforts should be focused on understanding
how EDN3 signaling regulates the migration of NCSCs Cell Cycle Analysis
and how the EDN3 and GDNF signaling pathways inter- Cell cycle analysis was performed as previously described (Morrison
and Weissman, 1994; Kruger et al., 2002). Dissociated gut cells wereact in NCSCs. These observations also raise the possi-
suspended in staining medium containing 5 g/ml Hoechst 33342bility of treating Hirschsprung’s disease by transplanting
(Sigma) at a concentration of 1–2  106 cells/ml or for low cellNCSCs directly into the aganglionic region of the distal
numbers in a minimum volume of 500 l. Cells were incubated in
gut to bypass the migratory defect. It remains to be this solution for 45 min at 37C and agitated every 5–10 min to
determined whether neurons generated from trans- prevent settling. After staining, the cells were kept on ice at all
planted NCSCs would enhance gut motility or whether times while they were stained with antibodies and analyzed by flow
cytometry. To label dividing cells in vivo, 50 g BrdU/g body weighttransplanted NCSCs would engraft and differentiate
was dissolved in D-PBS containing 0.007 M NaOH and injectedpostnatally. Nonetheless, this study raises this as a pos-
intraperitoneally 2 hr prior to harvest. p754 cells were isolated bysibility to improve the treatment of some patients.
flow cytometry, fixed 4 hr postplating, and stained with an antibody
against BrdU (Caltag, Burlingame, CA) to assess BrdU incorporationExperimental Procedures
(Morrison et al., 1999).
Isolation of Gut NCSCs
Pregnant Sprague-Dawley rats were obtained from Simonsen (Gil- Transplantation of Gut NCSCs into Ednrbsl/sl and Control Guts
Fetal guts, from the stomach to the rectum, were dissected fromroy, CA) or Charles River Laboratories (Wilmington, MA). Ednrb/sl
rats were derived from spotting lethal (sl) mutant rats (isolated as E14.5 rat embryos, placed in ice-cold Ca2-free, Mg2-free HBSS,
and kept at 4C while embryos were genotyped. Guts were thenspontaneous mutants at the Institute for Animal Reproduction,
Omiya, Japan) and bred on a Wistar-Kyoto background at the Uni- placed in Opti-MEM  penicillin/streptomycin and cultured over-
night at 37C in 6.5% CO2 prior to transplantation. Gut NCSCs wereversity of Michigan. Fetal gut was dissected into ice cold Ca2,
Mg2-free HBSS and dissociated by incubating for 2 min at 37C in isolated from wild-type E14.5 Fisher 344 rat embryos expressing a
human placental alkaline phosphatase (hPAP) transgene under the0.5 mg/ml deoxyribonuclease type 1 (Sigma, St. Louis, MO, product
D-4527) in Ca2, Mg2-free HBSS. Postnatal gut tissue was obtained control of the ROSA26 promoter (Kisseberth et al., 1999). Approxi-
mately 10,000 p75 4 gut NCSCs were isolated by flow cytometry,by removing the outer muscle layers containing the myenteric
plexus, then minced and dissociated in a solution of 0.025% trypsin sorted into a 0.2 ml microtube (Continental Lab Products), and al-
lowed to sediment at 4C overnight. Cells were then backloaded(GIBCO, Grand Island, NY) and 1 mg/ml collagenase IV as previously
described (Kruger et al., 2002). Gut cells were stained with antibod- into a finely drawn glass capillary tube (World Precision Instruments,
Sarasota, FL) and centrifuged for 2 min at 52  g. The cell-filledies against p75 (192Ig clone) and 4 integrin (Becton Dickinson,
MR4-1 clone), then resuspended in staining medium containing needle was placed in a Narishige H-7 pipette holder and mounted
on a MM-33 micromanipulator (Fine Scientific Tools, Forester City,7AAD (Molecular Probes, Eugene, OR) as previously described
(Bixby et al., 2002; Kruger et al., 2002). All sorts and analyses were CA) and gentle air pressure applied. We estimate that fewer than
400 hPAP gut NCSCs were injected per gut (Kruger et al., 2002)performed on a FACSVantage dual-laser flow cytometer (Becton-
Dickinson, San Jose, CA). into either Ednrbsl/sl or control (Ednrb/, Ednrb/sl) hindguts at a
point midway between the cecum and the rectum. Injected guts
were placed onto the chorioallantoic membrane of 10-day-old chickCell Culture Conditions
Cells were cultured as previously described (Bixby et al., 2002). embryos (Meijers et al., 1987). After 5 days, guts were removed,
fixed in 4% paraformaldehyde, cryoprotected in 15% sucrose, em-Plates were sequentially coated with 150 g/ml poly-D-lysine (Bio-
medical Technologies, Stoughton, MA) and 0.15 mg/ml human fibro- bedded in OCT, and cryostat sectioned at 14 m. Sections were
processed either chromogenically with the alkaline phosphatasenectin (Biomedical Technologies). The “standard” culture medium
contained DMEM-low (GIBCO, product 11885-084) with 15% chick substrate NBT/BCIP (Roche) or immunohistochemically with anti-
bodies against hPAP (Sigma, A-2951), the neuronal marker 	-IIIembryo extract (prepared as described by Stemple and Anderson,
1992), 20 ng/ml recombinant human bFGF (R&D Systems, Minneap- tubulin (Promega, G712A), the glial marker GFAP (Sigma, G-3893),
or the apoptotic marker activated caspase-3 (BD/Pharmingen,olis, MN), 1% N2 supplement (GIBCO), 2% B27 supplement (GIBCO),
50 M 2-mercaptoethanol, 35 ng/ml retinoic acid (Sigma), penicillin/ 559565).
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